One of the outstanding facts about the hydrogen-oxygen reaction is the existence of three distinct explosion limits, designated, in order of increasing pressure, the first, second and third explosion limits. The influence on the third limit of (a) hydrogen-oxygen proportions, (6) additions of nitrogen, carbon dioxide and steam, has been examined: the measurements were made mainly at 586° in a silica vessel coated with potassium chloride (which controls the reaction chains). The results are qualitatively consistent with the theory th at the third limit depends upon the (essentially isothermal)
In the region of 550° C in a silica reaction vessel, three limits are observable, the first at a pressure of a few mm., the second at about 100 mm. and the third at several hundred mm. Below the first, the reaction rate is almost negligibly small; between the first and the second there is explosion; above the second limit, explosion gives place to slow reaction, which, however, increases in rate rapidly as the pressure is raised, until at the third limit there is explosion once more.
In previous papers the first and second limits have been called respectively the lower and upper limits of the low-pressure explosion region (Thompson & Hinshel wood 1928; Grant & Hinshelwood 1933) . From now on, the limits will be designated simply first, second and third in order of increasing pressure.
As ordinarily measured in a silica vessel, the rate of reaction at pressures just below the third limit is very high, and the limit itself is indistinguishable from that of a thermal explosion. Theory indicates that there should be a third limit where branching chains again begin to multiply indefinitely, though under normal cir cumstances this is difficult to observe experimentally. Diffusion of radicals to the wall breaks the chains; as the total pressure rises, the diffusion rate decreases and explosion occurs at the first limit.
At This postulate leads to a set of relations for the second limit fully confirmed by experiment. H 0 2 diffuses to the wall and is destroyed. Above the second limit a further reaction of H 0 2 can occur with hydrogen:
H 0 2 + H2 = H20 2 + H or H20 + 0H .
The competition between this reaction and diffusion to the walls explains the influence of the latter on the rate of the overall processes occurring above the second limit. As will appear from the formulae to be given, there is the possibility that at still higher pressures the increased production of H or OH by this reaction will again lead to a branching chain explosion at a third limit. In earlier experiments with an uncoated silica vessel this possible third limit was masked by thermal effects, which would independently have given rise to explosion. This paper describes experiments made on the third limit under conditions where the total reaction rate is controlled by coating the vessel surface with potassium chloride. The influence of hydrogen-oxygen proportions and of inert gases on the limit is shown to be consistent with the branching chain theory, and with the specific radical mechanism outlined above. The existence of a third limit not essentially dependent on thermal ignition seems to be definitely confirmed, and shown to be susceptible of approximate quantitative treatment.
The study of the third limit leads to a further clarification of the processes deter mining rate of reaction between the second and third limits. The essential new element is that the analysis of the explosion conditions at the third limit can be used to eliminate a set of complicated terms in the reaction-velocity expression* This opens the way to a direct investigation of the kinetic expression for chain initiation, which is dealt with in the second paper.
E xperimental method
The apparatus resembled that used in previous work in this laboratory; pressuretime records were made with hydrogen-oxygen mixtures (with appropriate additions) heated in silica vessels in an electric furnace. The surface of the silica vessels used was coated with a thick layer of potassium chloride, which reduces the reaction rate 50-100-fold (Pease 1930). This procedure is reported by Lewis & von Elbe (1942) to give much more reproducible results. Their statement can be confirmed. The use of the salt was, however, designed to allow work at higher temperatures where, it was thought, the true third limit would be more accessible to measurement.
The third limit wras determined as follows. The gases were admitted successively. The oxygen was always added last, rapidly but smoothly, the admission being com plete within about 4 sec. The time between the start of the oxygen addition, and the occurrence of the explosion, was measured, and will be referred to as At (sec.). Any definition of the third limit is to some extent arbitrary, in that, at a given tem perature, mixtures will explode over a considerable range of pressure (perhaps 50 mm.). The greater the pressure, the smaller is A t. The third limit explosion pressure must therefore be defined in terms of A t ,a nd in these exp that pressure at which At -At* = 5-6 sec.
In choosing a value for this standard, two opposing factors had to be considered. First, At includes the time required to admit the oxygen; if this is done too quickly the adiabatic expression may cause premature explosion. Hence must not be too small. Secondly, if
At i s large, explosion may be preceded by amount of reaction, accompanied by a change in composition of the reactants, and
The mechanism of the hydrogen-oxygen reaction 355 by self-heating if the rate is large. At* must not, therefore, be too large. The com promise value was chosen in the light of preliminary experiments. This seems a more satisfactory definition for the third limit explosion pressure than the one sometimes adopted, namely, the lowest pressure at which explosion occurs. The interpretation of measurements on the third limit depends partly upon results derived from the study of the second limit. As a preliminary certain necessary additional observations on the latter will therefore be given. The second limit was determined by the 'withdrawal' method previously used. Values of kM for 0 2, N 2, C02, and H20 are required for the interpretation of the experiments to be described. They were redetermined from experiments made in vessels coated with potassium chloride and are given in table 1.
The presence of the salt hardly affects the values, a result confirming that the main chain-breaking reaction under these conditions occurs in the gas phase. Values of kM do not vary greatly with temperature, as is to be expected if they are ratios of collision numbers. For monatomic and diatomic gases such as N2, 0 2, A and He, the calculated and experimental values of kM are in good agreement. The experimental value for C02 is, however, about twice, and that for H20 some ten times, greater than the calculated.
The high value for steam is remarkable, and was thought possibly to be due to the formation of a complex H20-H with a comparatively long lifetime.
The chain-breaking process would then be H20 + H^H 20-H , H20-H + 0 2 = H 0 2 + H20 , With monatomic or diatomic molecules, differences in their effects are more likely to be due to changes in number than in efficiency of collisions: with polyatomic molecules the latter becomes important. Table 1 Icm (calc.) gas 8-1J
* Uncoated silica vessel at 550° C. f KCl-coated vessel a t 580° C. J KCl-coated vessel a t 553° C.
A. H. Willboum and C. N. Hinshelwood Theoretical consideration of the third limit
To apply the theory of branching chains it is necessary to assume a reaction mechanism, and to derive the corresponding expression for the rate of reaction.
In the light of the previous general discussion, the following mechanism will be assumed: A new approach to the problem is suggested here, which overcomes these objec tions to a large extent. It consists in factorizing equation (3) into two portions, one of which can be studied independently of the other. This is achieved by considering first the third explosion limit, the condition for which is that the denominator of the equation shall be zero, i.e.
2^2
( The mechanism of the hydrogen-ox where the constants kQi and kM can be obtained from experiments on the second limit. k5 is the rate constant for the destruction of H 0 2 on the walls. If it be assumed that the chain-breaking efficiency of the walls is unity when they are thickly coated with potassium chloride, then k5 will (for a given size of vessel) depend only upon the rate of diffusion of H 0 2. This will be assumed, although, as will be shown later, it can only be true to a first approximation.
For the purposes of the calculation k5 will be assumed directly proportional to the diffusion coefficient of H 0 2 in a gas mixture consisting in general of H2, 0 2 and an inert gas M. A rigid calculation of the variation of the diffusion coefficient with composition is not possible. The following method should, however, provide a good approximation. For H 0 2 molecules diffusing through a single gas kb -K 5f
• For a mixture of gases it will be assumed that C is the only constant in equation (10) for which not even an approximate in dependent value can be obtained; it must be found from experiments on the third explosion limit itself.
Influence of conditions on third explosion limit (a) Hydrogen-oxygen pressures
The effect on the explosion limit of varying the hydrogen-oxygen ratio at 586° C is shown in figure 2. P is the total pressure at the limit. The values for At are indicated for each point on the experimental curve (1).
According to the theory outlined above, these results should be represented by equation (10) with [M]
-pM = 0. Curve (2) in figure 2 shows The agreement is quite close, and the values for the constants, which are adjusted to give the best fit, compare favourably with those obtained independently (tables 1 and 2), although the value for D'0i is slightly low.
Explosion region F igure 2. Influence of hydrogen-oxygen ratio and of nitrogen pressure on the explosion limit. Broken lines: experimental curves.
(6) Effect of nitrogen The effect of 100 mm. of nitrogen is also shown in figure 2, curve (3) being the experimental curve for 586° C. The nitrogen lowers the total pressure at which explosion occurs, i.e. renders the mixture more explosive. For the calculated values, the general equation (10) Curve (1) of figure 4 shows the observed effect of varying amounts of nitrogen on the third limit of 4 : 1 H 2/ 0 2 mixtures. P0, the pressure of (H2 + 0 2), is plotted against the pressure of nitrogen, PNa, at the limit. At large values of PNa the limit is depressed so much that it merges into the second limit. Measurements could not in fact be made for values of P0 less than 200 mm. (on account of immediate inflammation of the mixtures). The tendency to merge into the second limit is also shown by the rapid change in slope of the curve.
In these experiments the value of P0 for P = 0 w in the first series (figure 2). This is attributed to a slight change in the character of the KC1 surface, which could be shown in equation (10) The mechanism of the hydrogen-oxygen reaction 
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F i g u r e 5. Influence of carbon dioxide on the third limit.
The value of kCOt, however, is identical with that obtained independently (table 1). It is clear, then, that the widely different effects of N 2 and C02 are due to the different values of kM (the constant which determines the effect on the second limit). The effect of progressive changes in kM has already been shown by curves (5), (3) and (4) in figure 3, and is further illustrated in figure 5. This shows that the third limit phenomena are to a large extent related to what happens at the second limit, and that the value of kM determines whether a 'C02-type', or a 'N 2-type' curve is obtained.
The (table 1) . These values, however, give curve (2) in figure 6 (a) of the ' C02-type ', as would be expected in view of the high value of kUi0. The apparent discrepancy here between theory and experiment is due to neglect of the specific action of water vapour on the walls of the vessel. Water causes a marked autocatalysis in silica, porcelain, and hard glass reaction vessels, being adsorbed, and thereby reducing the chain-breaking efficiency of the surface. A similar action, even if less marked, on salt surfaces is quite possible, and would explain the present result. A small decrease in the chain-breaking efficiency would be shown primarily by a decrease in the value of the constant since G depends upon K h which is proportional to the chain-breaking efficiency. The equa tion does, in fact, represent the results quite well with 900 (curve 3, figure 6 (a) ).
F igure 6. Influence of water vapour on the third limit at 586° C.
The question now arises whether C decreases from 1100 to 900 on the addition of the first small amounts of water vapour, and then remains unaffected by further additions, or whether it decreases progressively with the amount of water vapour. To answer this question, experiments were made with varying amounts of water vapour and a 2 :1 H2/ 0 2 mixture. The limits and corresponding values of G are given in table 3. From this table it appears that with 9 mm. of water vapour C -810. In figure 6 (6) is shown curve (5), calculated with this value for C, for the effect of 9 mm. of water vapour. Curve (4) was obtained experimentally. The curves are not very different from those for 5 mm. of water, and the changes in slope, on increase of water-vapour pressure, of both experimental and calculated curves are in the right direction. H ie agreement of the two curves for 9 mm. of water is not very good, however, below about 60 % of hydrogen.
PH,0
third limit, P mm.
'O' The explanation is probably that the general equation ceases to hold, and in fact would not be expected to hold, when the chain-breaking efficiency, e, is markedly reduced. The equation is derived on the assumption that is constant and nearly unity; if e decreases significantly then the whole form of the equation must change to something more complex. For quite small amounts of water it is apparently enough as a first approximation to adjust the value of C, but for large amounts this is no longer valid. The left-hand side of equation (15) can be evaluated from the experimental results obtained a t the third limit. The usual plot against I \T gives an approximate value for (E5 -Eq) of 5000 cal. The constant C in equation (9) may therefore be written
-e g n( ig)
The value of ( E5 -E& ) is only approximate, since it was determined from experim over a small temperature range. Its purpose, however, will be only for the extra polation of C over narrow temperature intervals, and for this it is adequate. D isc u s sio n Equation (9) predicts correctly the form of the dependence of the third limit on temperature, and on mixture composition in the presence of nitrogen, carbon dioxide, and water vapour. In estimating the significance of the theory on which this equation is based, one may first inquire how the values of the constants D'M and kM, obtained in different ways, compare with one another. Table 5 summarizes results obtained from measurements on the third limit, for comparison with those given in tables 1 and 2. The values of the constants for oxygen are in quite good agreement with the calculated values, and with those obtained from independent experiments except that the value of Dq2 is slightly low. In obtaining values for the other gases, K2.4, D'q2 and Jc02 were kept at 144, 3*0 and 0-38 respectively, while D'M and JcM were adjusted to give the best agreement with the experimental results. 'O' was also kept constant at 1100, except for the experiments with added steam, where on theoretical grounds variation was to be expected.
The values oiD'M for both N2 and C02 are appreciably lower than those calculated on simple kinetic theory considerations. Of the two values of fcNs obtained, 0-25 and 0-35, the former is lower than would be expected, but the latter is in good agree ment with that obtained independently from experiments on the second limit. Although the value of 0*90 for & COj is greater than the calculated value, the signi ficant thing is that it agrees with the value obtained from second limit experiments. It is this large value for kCOi which is responsible for the special form of the third limit curve, apparently quite different from that given by nitrogen.
The value of 0 is also in excellent agreement with that obtained from experi ments on the second limit, in spite of the fact that for reasons already discussed it is much larger than the calculated value. The value of 0 -4*0 agrees well with the calculated value of 4-1, but this is not of great significance, since with the small amounts of water present (ca. 5 mm.) the equation is not very in the value of Dh2o* The fact that the third limit curve for water resembles that for nitrogen rather than that for C02 (which might have been expected considering the large value of kH 0) is attributed to the effect of H20 on the surface. The water is adsorbed on the walls, and lowers their chain-breaking efficiency. This appears as a lowering in the value of the constant * G \ The general coherence of the results is strong evidence in favour of the isothermal reaction-chain theory for the third explosion limit. It seems that the third limit is not essentially a thermal explosion limit, although under certain conditions the breakdown of isothermal conditions may appreciably affect the phenomena which occur. The important elements in the theory are (а) The operation of the independently verifiable * second limit ' mechanism.
(б) The continuation of chains by the reaction of HOa in the gas phase.
(c) The diffusion of H 0 2 to the walls, where it is destroyed.
In deriving the explosion condition, two major simplifications are effected: the chain-breaking efficiency of a KC1 surface is assumed nearly unity, and the rate of diffusion of H 0 2 is expressed by equation (6). Despite these over-simplifications the equations prove to be of the correct general form. The reaction mechanism assumed is therefore, it would seem, at least basically correct.
